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Total cross section of the®H(p,n)3He reaction from threshold to 4.5 MeV
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We report new measurements of the total cross section foFlt{@,n)®He reaction from thresholdE,
=1.02 MeV) to E,=4.5 MeV. The experiment utilized specially prepared®Mitargets, and neutrons were
detected using a# detector. A weak resonant structure due to an excited stdlidénis observed which was
not seen in previous cross section measurements. A new expression fbtefrep)3H thermonuclear reac-
tion rate for temperatures below 10 GK is presented which will allow for more accurate calculations of the
yields of light elements produced by big-bang nucleosynthgS556-28189)03307-3

PACS numbdis): 26.35:+c, 25.10+s, 28.20--v, 98.80.Ft

I. INTRODUCTION lin and Gibbong12]. Unfortunately, two of the most impor-
tant total cross section measuremdiitk, 12 have been pub-
The 3H(p,n)3He reaction and its inverstHe(n,p)®H are  lished only in conference proceedings or as a laboratory
important in many subfields of physics. Due to its large crosgeport.
section and other properties, this reaction is commonly used The *He(n,p)®H cross section at thermal energies has
for two purposes in neutron physics: tAel(p,n)3He reac- been _determined vyith_high precision by the meas_urements of
tion is an important source of neutrons, and fe(n, p)3H AIs-NleIser_1 and Dietrich13]. Measurements at higher neu-
reaction is often used for detecting neutrons. This reactiofOn energies have been reported by Cod#, Batchelor,
also provides information about the excited levels*sfe, Aves, a_nd Skyrm¢15], Sayres, Jones, and Wag], Cos-
which are still not well understooflL,2]. The 3H(p.n)®He tello, Friesenhahn, and Lopg%7], and Borzako\t al.[18].

. 3 3 . .
reaction near threshold is strongly influenced by the first tw Ratios of the’He(n, p)°H cross section to théLi(n,) and

O /
; S B(n,a) cross sections have been measured by Bergman
excited levels of*He, which lie 370 keV below and 430 keV ; —
above the ®H(p,n)3He threshold, respectively3]. The and Shapiro[19] (E,=30 keV) and Bowmanet al. [20]

A is primaril . d by the role of thi (E,=<25 keV), respectively.
present experiment Is primarily motivated by the role of this Recommended cross sections based on the available ex-

reaction in big-bang nucleosynthesis. _ , _perimental data have been given by Cost¢Rd], Liskien
The standard.b|g-bang model of the primordial universe isyng paulsefi22], Drosg[23], Drosget al. [24], Body [25],
very successful in accounting for the observed relative abunposg and Schwerd@6], Hale, Dodder, and Youn@ENDF/
dances of the light elemenf#, *He, “He, and’Li [4-8.  B.vI) [27], Smith, Kawano, and Malanef7], and Drosg
The calculated abundances agree with observations only fqggg]_ The 3H(p,n)3He cross section at threshold is deter-
baryon densities significantly lower than the critical density,mined to better than 1% from the thermi#e(n,p)3H cross
in the range 0.0£Qz=0.1. The uncertainties in the abun- section[13], and the standard deviation in the evaluated
dance calculations arising from nuclear-data input have beegross section is estimated to be 4% or less fetE2<16
studied in detail by Krauss and RomangHi] and Smith, MeV [26]. Between threshold and 2 MeV, most of the ex-
Kawano, and Malanef7]. The latter have identified 12 re- periments have errors of 10% or greater. The recent and
actions which significantly affect light-element productions. accurate(2—3 % quoted uncertaintymeasurements of the
Their assumedHe(n,p)>H reaction rate was found to have 3He(n,p)3H cross section folE, <137 keV [18] disagree
a significant impact on the calculated abundancetHsfand  with the energy dependence found by REf2] by about
"Li. At the temperatures important for determining big-bang25%, and also disagree with the ENDF/B-VI evaluation by
yields, the reaction rate is determined by tfide(n,p)>H up to 15%. The energy range for big-bang nucleosynthesis
cross section in the energy rangesE.,,<250 keV (see lies between threshold and 2 MeV; it is the large uncertainty
Sec. V). In this energy range, the existing data are sparsewithin this energy range which motivates the present work.
and not in good agreement. In this paper, we report new measurements of the
Previous measurements of th#d(p,n)*He total cross 3H(p,n) 3He total cross section, from threshold EQ=4.5
section forE,<4.5 MeV have been reported by Vlasewal. ~ MeV. A new thermonuclear reaction rate is calculated which
[9], Gibbons and Macklii10], Perryet al.[11], and Mack- s valid for temperatures less than 10 GK.
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Laboratory, Durham, NC 27708-0308.

TPresent address: Department of Science Education, Ewha The proton, deuteron, antHe™ beams used in this ex-
Women'’s University, Seoul 120-750, Korea. periment were supplied by the Caltech 3-MV Pelletron Tan-

*Present address: TRIUMF, Vancouver, BC, Canada V6T 2A3. dem Accelerator. The beam energy was defined by a 90°
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analyzer magnet and NMR magnetometer. The energy cali- 0.230¢
bration (+0.1%) was established using the resonances at ’
483.91+0.10 keV [29] in *F(p,ay), 991.86-0.03 keV :
[30] in 2’Al(p,7y), 606.0-0.5 keV [31] in B(a,n), and 0.220F
1530.03- 0.15 keV[32] in 2*Mg(a,y). A collimator limited
the beam to an area ef1 cn¥ on the targets; the beam was E g
rastered over this area in order to produce a uniform intensity 0210 §
distribution. Beam currents for théH(p,n)®He measure-
ments varied between 7 and 100 nA, depending on the de-
sired counting rate. The number of incident particles was
determined by beam-current integration, to a precision of
*1%.

0.225L 11 tubes J

0.215F

0.205F

0.130F

8 tubes ]

neutron efficiency

0.125f
B. Targets §
0.120F

The preparation, characterization, and use of théHi- !
targets have been described previoy88-35. Briefly, Ti 0.115F
was evaporated onto 31.7-mm-diameter, 0.81-mm-thickness
Cu or Ta substrates; the substrates were then heated in an

0.110F

atmosphere ofH, gas to induce the formation of FiH. 0.105 1 : ' : ‘ ; ‘
L o i 1.0 2.0 3.0 4.0
The substrates were maintained in high vacuum during the B (MeV)
time between Ti evaporation and tritide formation, minimiz-
ing contamination and maximizing the attainaBlé: Ti ratio. FIG. 1. The neutron efficiency as a function of proton energy for

The ®H and Ti areal densities were determined in a scatthe 11-tube configuratiottop panel and the six-tube configuration
tering chamber using théH(d,«) and Ti(a,«) reactions, (bottom panel The Monte Carlo calculations with statistical errors
respectively. The total cross section and center-of-mass Legwe shown as circles, and the solid curves are empirical fits used in
endre coefficients foPH(d,«) reaction, needed for the ab- subsequent calculations. Note the break in vertical scale between
solute H areal-density determination, were taken from thethe two panels.
evaluation of Drosg and Schwel@6]; the uncertainty in the _
cross section is estimated to be 1.5% Eyy<400 keV, in- ethylene moderator surrounding the target chamber. The ef-
creasing to 4% for higher energies. The absolute uncertaintj)ciency is slowly varying in the region 0.008%F,<2
in the areal density determinations is estimated ta-#% . eV, such that it can be approximated by a constant within

Two targets were utilized for théH(p,n)3He measure- +10%. However, the efficiency drops dramatically outside
ments. One target consisted of 55207 and 2.96 of this range, by about a factor of two for 1-eV or 5-MeV
X 1017 atoms/cr of 3H and Ti, respectively, on a Cu back- neutrons. For a known distribution of neutron energies and
ing. This target is referred tc; as “target 1 in ReB5]: emission angles, the efficiency can be more accurately deter-
Ti(e, @) and 2H(d, @) spectra obtained with this target are m!r)ed from Monte Carlo simulations. Fpr th|s purpose we
shown in Figs. 4 and 6 of Relf33]. The use of this target for utilize the computer codeicnp [36], wh|ch S|mulates. the
JH(p,m)*He measuremensis imited to energies below tnef S0 2 AR AN ot T O e onal -
65 — o . -

Cu(p,n) threshold atE,=2.17 MeV. To facilitate mea-

surements at higher energies an additional target was fabﬁ_grmatlon concerning the d_eteptor, the Mpnte C?arlo_swn_ula-
cated on a Ta backing with 83107 and 9.5 tions, and experimental validation of the simulations is given

X 10t atoms/cr of 3H and Ti, respectively. ThéH(d, ) in Iéefs.[37,3ﬁ$|l_.| 3 K ing 11
excitation function obtained with this target is shown in Fig. ne seto (p,n) € measurements was taken using
7 of Ref.[33]. The ®H(p,n)3He measurements reported heredetect|0n tubes in the moderator, with one additional tube

were performed before these targets were used for any othBFesent .bUt ’?Ot used: The other set of measurements.was
experiments. taken using six tubes in the moderator. The angular distribu-

Two additional targets were used to investigate backlons of neutrons_emltted from th?é*(pﬁ) He reaction, re-
grounds from targets containing féi. One target consisted quired to determine thécorrelated distributions of neutron
of 4.36x 1017 and 2.98< 10~ atoms/crR of 2H and Ti. re- energies and emission angles in the Monte Carlo simulations,
spectively, and was produced on a Cu backing u,sing thwvere taken from Refl26]. In order to investigate the sensi-
same equipment as for tH# targets. The other target con- Ivity of the simulations to the assumed angular distributions,

sisted of 1. 1018 Ti atoms/cri evaporated on a Ta back- V€ also performed simulations assuming that the reaction is
ing, and WE.iS not hydrided P isotropic in the center-of-mass system. The resulting effi-

ciencies differed by at most 2% f&,<4.5 MeV, indicating

an uncertainty ok<1% from the assumed angular distribu-

tions. The simulated efficiencies for the six-tube configura-
Neutrons were detected in arddetector consisting of up tion were renormalized by 1.02, so that the ratio of measured

to 12 3He-filled proportional counters embedded in a poly-to simulated efficiency for &%Cf neutron source was the

C. Neutron detection
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600 — . - \ - may take place in the target. Of particular concern here are
s00L ) ] the “°Ti(p,n) and °°Ti( p,n) reactions which have thresholds

L P S ] at proton energies of 1.41 and 3.05 MeV, respectively. In
400~ %x ********** v ] order to test for possible backgrounds, measurements were

made using targets withodH (these targets are described in

300 j Sec. I B. The Ti-?H target was measured with the same
200 . target angle and neutron detector configuration as the Cu-
5 10 ok ] backed®H target; the Ti target on Ta backing was measured
i L § under the same conditions as the Ta-bacRedtarget. The
a ok . results of these measurements are shown on the lower panel
§ 1+ of Fig. 2.
S N ]
2100 F ) 3 IIl. DATA ANALYSIS AND RESULTS
10° L 3 The magnitude and energy dependence of the beam-
i P 3 dependent background observed from targets containing no
1071k 5 ° § 3H are consistent with the knowrf®Ti(p,n) [39] and
i 2’ 3 4°Ti(p,n) [40] cross sections. Using the known Ti areal den-
10724 ° 5 sity, the background present in the measurements using the
2 ° 3 Cu-backed®H target is estimated to be at most 0.2%, and
1073 1f0 . 2'0 : 3'0 : 4'0 : was therefore neglected. For the Ta-backétl target, the
' E, (MeV) ’ background is estimated to be1% for E<3.2 MeV. For

E,=2.0 MeV the yields measured from this target were cor-
FIG. 2. YieldsY, of detected neutrons for various targets. Up- rected for background, using the solid curve shown in Fig. 2,
per panel: For the Cu-backe®] and Ta-backedx) °H targets.  scaled by the ratio of Ti areal densities. This correction was
Lower panel: For the Cu-backed>) and Ta-backed X) targets  at most 7%, aIEp=4.5 MeV. An error of+30% was as-
used for background measurements. The statistical errors akymed for the subtracted yield.

smaller than the size of the data points. The solid curve is an em- The background-corrected yield of neutrons detected per

pirical fit used for background subtraction. incident particleY,, for a mono-energetic beam of energy
. E,, is given by

same for both sets of measurements. This procedure stan-:

dardizes the measurements to the configuration for which the Y,=(nt) o(Ep) &(Ep), )

efficiency of the detector has been extensively te$8.

The results of the simulations for the two detector configuwhere (t) is the areal number density of target atomss
rations are shown in Fig. 1. Also shown as solid lines arehe H(p,n)3He cross section, andis the neutron-detection
empirical fits used in subsequent analysis. We estimate thefficiency. For a target of significant thickness, the beam
systematic uncertainty in the neutron detection efficiency tqoses energy as it passes through the target, and the yield is
be =3%. then given by

-1
dE), @

dE

D. Yield measurements B, , ,
Yn=f a(Ep) S(Ep){ﬁ(Ep)

The neutron yield with the Cu-backetH target perpen- E¢
dicular to the beam was measured with the 11-tube detector . o
configuration for 1.016E,<2.15 MeV, i.e., from just be- " which E;=E,—AE, whereE, is the incident proton en-

low the 3H(p,n)3He threshold to just below th&Cu(p,n) ergy andAE is the energy loss in the target. The energy loss

threshold. of protons in the target petH atom per unit area is given by
The yield with the Ta-backedH target at 45° with re- q q q

spect to the beam was measured with six tubes from just _E:<_E) + }(_E> 3)

below threshold tdE,=4.5 MeV. The measured yields are dX \dXx/, ridX/;,’

displayed in the upper panel of Fig. 2. The yields were cor-
rected for dead time in the detectoe% for all measure- where dE/dX), and (dE/dX)+; are the stopping powers for
ments. Repeated measurements at a standard ener§y, of protons in H and T{41], andr is the 3H:Ti ratio which is
=1.3 MeV indicated that the target thickness deteriorated byassumed to be independent of depth in the target. The energy
less than 1% over the course of the measurements. The stass for 2-MeV « particles in the Ti¥H computed by this
bility of the detection system was monitored throughout themethod has been verified experimentally for these targets
experiment by measuring the efficiency forP%Cf neutron  [33].
source. Some indication of the consistency of the beam-energy
Beam-off backgrounds were completely negligible for calibration and the quality of the targets is provided by the
this experiment. It is however important to consider possiblébehavior of the neutron yield near the threshold. For a target
backgrounds from other neutron-producing reactions whiclsufficiently thick to integrate the cross section down to the
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TABLE I. Systematic errors in the absolute cross-section data
not included in the plotted error bars. The total is computed by
adding the individual errors in quadrature.

14

—-
0
T

o

Lt

fé‘ 10 Source of error Errof%)
g |

*g 8 3H areal density 4
8 &l Neutron detection efficiency 3
e Current integration 1
> Total 5

The data were also analyzed assumiag (E,—Eg)*?
e e Toso o T Tom Toon which for all incident energies changed the resulting cross
E, (MeV) sections by an amount negligible compared to other uncer-
tainties. One important source of error near the threshold is

FIG. 3. The near-threshold yield of detected neutrgased to  the energy of the incident proton beam. Given the good
the 2/3 power for the Cu-backed target) and the Ta-backed agreement obtained with the known threshold energy already
target (x). The_ stz_itistical errors are smaII(_er thqn the size of the datgjescribed, we have allowed for an uncertainty:0d.5 keV
pomts. The solid lines are linear fits descrlbedlln the text. The armoWn the incident energy. We have also allowed fr10%
indicates the known threshpld energy. The different slppes f_o_r th%ncertainty in the proton energy loss. We do not present the
2/;/]3 tter\]rg?t’e:'s_,ﬁr?agzused by differences in neutron-detection efﬂmenceiata whereE )< Eo+ AE due to the large errors from uncer-

: ' tainties in the incident energy and energy loss. The error bars
threshold energyE,, the detected neutron yield varies asOn thg d_ata points include uncertainties from counting statis-
Y (E,— Eo)®2 provided the neutron production cross sec-tics, incident energy, energy loss, and background subtrac-
tion varies as E,—Eo)Y? (i.e., assumingswave neutrons tion. Additional systematic errors in the data are summarized
and no narrow resonancd his simple analysis also assumesin Table .
that the energy dependences Of the Stopping power and de_ The absolute cross 'SeCtiOI’lS determined from the Ta-
tection efficiency are negligible. A linear fit t62° should ~ Packed target are-2% higher than from the Cu-backed tar-
thus intersect th&, axis at the threshold energy. Plots of get. The data sets were renormalized to a scale corresponding
Yﬁ’3 versusE, for the two targets are shown in Fig. 3. The to the arithmetic mean of the t_wo determlnatlt_)ns._The final
yield from the Cu-backed target departs from a linear depe r_esults_ for the total cross section are shown in .F|g. 4. The
dence more quickly than the Ta-backed target due to i:%)ehawor of the cross section near the tlgreshold is more eas-
smaller thickness. Linear fits are also shown which included” S€€" by. converting the data t”@ie(n,p) I/—;cross sections
points within~4 keV of threshold for the Cu-backed target USing detailed balance and multiplying By, as shown for
and within ~10 keV of threshold for the Ta-backed target. the near-threshold data in Fig. 5. The rather large systematic
Note that 1-MeV protons lose 4.8 keV and 22 keV in the
Ti-3H layer for the Cu-backed and Ta-backed targets, re- 700
spectively. Both fits give a threshold energy of 1.0188 MeV,
which is in excellent agreement with the known value
1.01906 MeV-

Cross sections were extracted from the measured yield:
using Eqs(7)—(9) of Ref.[43] to correct for the energy loss 2 400}
effects described by E@2). This procedure requires that the g
energy dependence of the cross section be known in advancie gpo}-
For this purpose we assumed the ENDF/B-VI evaluation,
converted to®H(p,n)He using detailed balance. The as-  zoo-
sumed energy dependence is only important near threshol
where the cross section changes significantly as the bear 100
loses energy in the target. F&,=1.1 MeV this procedure

600 -

500

differs negligibly from using Eq(1) with E, replaced by 8516 15 2o 25 30 55 40 45 5.0

E,—AE/2, due to the thin targets used in the experiment. Ep (MeV)

FIG. 4. The present results for ti&l(p,n)3He total cross sec-
tion, for the Cu-backed targetY) and Ta-backed targetX().

LAll thresholds and detailed balance conversions in this paper ar@/hen not visible, the errors are smaller than the size of the data
computed using relativistic kinematics with nuclear mas&esal- points (the additional systematic uncertainty of 5% described in
ues and atomic masses are taken from Audi and Wap&#laThe  Table | is not includefd The solid curve is ENDF/B-VI evaluation
uncertainty in theQ value (=0.002 keV is sufficiently small to be  [27] and the dashed curve is the evaluation fromokesc-96com-

a negligible consideration in the detailed-balance conversions. puter codd 28].
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30.0 —— ———rry —— 30.0 —— ——
28.0 28.0 —
26.0
&
> 24.0
[
Y]
L2220
3
B 20.0
18.0
16.0 —
L MR | L MR | L L 14.0 L MR | L MR | L R RN A
14900 10! 10? 103 100 10! 107 108
E, (keV) E, (keV)
FIG. 5. The results, converted ftHe(n,p)3H, and multiplied FIG. 6. The present result§X), compared to the data of Mack-

by EX?. The plot symbols have the same meaning as in Fig. 4lin and Gibbong12] (X) and the data of Borzakoat al.[18] (A).
When not visible, the errors are smaller than the size of the datdll data are converted t8He(n,p)®H cross sections and multiplied
points(the systematic uncertainty of 5% described in Table | is notby Eﬁ’z.
included. The solid curve is the ENDF/B-VI evaluatid@7].
pendence results primarily from the first three excited levels

errors associated with the lowest-energy data points showef “He located 3] at E,=20.21 MeV "=07), 21.01 MeV
in Fig. 5 arise from the uncertainty in proton energy, as thgJ"=07), and 21.84 MeV J"=27); note that the location
detailed-balance conversion is very sensitive to the protonf the 3He+n threshold is aE,=20.58 MeV. As discussed
energy when the proton energy is near threshold. by Borzakovet al.[18] and references therein, the cross sec-
tion very near threshold is dominated by the subthreshéld 0
s'wave resonance.

At higher energies, the effects of the other levels become
A. Comparison to previous measurements important. The present data as shown in Fig. 4 indicate a
definite change in curvature neap=1.6 MeV. In previous
experiments this feature was masked by the larger errors

to the evaluationd7,21,22,24—2F, and in particular Ref. and/or coarser energy steps. Interestingly, this feature is pre-

[23] for a critique of the previous measurements. Some ad(—jimad very well by the ENDF/B-VI evaluatidi27] (see Fig.

" ; : ; - ; 4 of the present wopk The ENDF/B-VI evaluation for
itional information rel revi xperiments is al . . .
ditional information related to previous experiments is asosHe(n,p)gH is generated from amR-matrix analysis[44]

igpmpgfgént?et&pﬁgggm' :/;Lgéti)%{ggsﬁ ?Se Cst(laoenndt?]?[ ar?/vh.ic:h is essgntially the same as that d.espribed in 3.
both evaluations are in excellent agreement with the preserzl—th's_ charge-independerit-matrix ansaIyS|s |n3cludes C10Ss-
data, with a maximum deviation o&5% nearE,=2.7 sezctlon and polarization data for— !,_'e’ p= H,3and H
MeV, but within our estimated systematic error. —"H scattering and reactions; amd-“He andn—"H scat-
In Figs. 6 and 7 the data are compared to some of the
previous data in the energy range appropriate for big-bang ]
nucleosynthesis. The data are in general agreement witt zg0} i
most of the other older measurements which had consider:
ably larger errors. The data agree well with results of Borza-o,,\%‘ e
kov et al. [18], except for their higher-energy data points. % 5,, ‘% BT
Our results are not in agreement with the data from Macklin & olow 1
and Gibbons[12], especially for their higher energies. It ;‘3220 . 00p ° n
should be noted however that the scale of their data is no1>Lg no.0L g @%QF %’ 1

IV. DISCUSSION

We will not attempt to compare our new results to all of
the data available witk,<4.5 MeV. The reader is referred

30.0 ———4—————F——F——1——1———————

O —

absolute, so the discrepancy is in the energy dependence.

18.0F ‘?98 . g° o
B. Excited levels of*He 6.0l %%%@

The present data show the near-threshold energy deper L
dence of the cross section much more clearly than previous 1405100 200 300 400 500 600 700 800 900 1000
measurements. In particular, it is clear from inspection of B (keV)

Fig. 5 that the cross section deviates from the @hergy FIG. 7. The present result€)), compared to the data of Batch-
dependence expected for nonresonanave neutron- elor, Aves, and SkyrmgL5] (X) and the data of Costello, Friesen-
induced reactionsa 1& dependence would yield a horizon- hahn, and Lopef17] (A). All data are converted t3He(n,p)3H

tal line when multiplied byEY?). The observed energy de- cross sections and multiplied 15}2.
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tering. The curvature nedt,=1.6 MeV results from the 0 1001
second excited state dfHe. A recent measurement of the 9.0
longitudinal polarization-transfer coefficient ne&,=1.6 T 8ol
MeV [45] has provided striking evidence for this level. g -
These authors conclude that at the peak of thedésonance 7, O
nearE,=1.6 MeV, the reaction is dominated by Gand 0 = 601
amplitudes which are approximately equal in strength. At ° so

higher energies additional levels become important, espe-
cially the 2~ state atE,=21.84 MeV which gives rise to the
broad peak in the’H(p,n)*He cross section ned,=3.0
MeV. The data presented here will help to establish more 2.0 .
accurately the properties of these excited level$léé. 1ol ]

4.0~ -

Ny{ov) (10

3.0 _

O_ L el

L MR | L L
V. THERMONUCLEAR REACTION RATE 1o v 10° 104

The two-body thermonuclear reaction rég(ov) is cal-

: ; FIG. 8. The thermonuclear reaction rathla(ov) for
culated from the cross sectienusing

3He(n,p)3H. The present determination is given by the solid line;
the rate from Smith, Kawano, and Malangy] is given by the

* E long-dashed line and the rate from Caughlan and Foérby the
fo E U(E)ex;{ B ﬁ) dE, short-dashed line.

o) = ) "

T/ (kT2

(4)

whereN, is Avogadro’s numbery is the reduced mass in
the entrance channek, is Boltzmann’s constantT is tem-
perature, andk is the center-of-mass energy.

S::averal te3sts were carried out to determine the effect of
the *He(n,p)~H reaction rate on the primordial nucleosyn- _ _ 1/2 _ 3/2
thesis yields of the light elemenfH, °He, *He, and"Li. Na{ov)=7.05x 10°( 1~ 0.648T5™+0.426T5— 0.068Ts )(5)
Standard big-bang nucleosynthesis calculations were per-
formed using the computer code described in R&6). The

calculation assumes that the baryon density is homogeneougye estimate the uncertainty in this reaction rate to be 5% in
and that there are threegneutrlnc_) species. We findtid1% e temperature range important for big-bang nucleosynthe-
changes in theHe(n,p)°H reaction rate lead to changes of gs calculations. In the important temperature range, the new
order 10% in the®He and’Li abundances, changes of order 4ta is~5% lower than that given by Smith, Kawano, and
1% in the H abundance, and no change in tfide abun- Malaney[7], and 15—-25 % lower than that given by Caugh-
dance. The magnitude and direction of the changes are dgsn and Fowlef47).
pendent upon the value of the baryon-to-photon rajio
These findings are in agreement with the results of Smith,
Kawano, and Malane}7]. In order to determine the energy VI. CONCLUSIONS
range where the cross section is important, we have also
varied the reaction rate at different temperatures. The final We have measured théH(p,n)3He cross section for
abundances of the light elements are found to depend on the02<E <4.50 MeV, with a systematic uncertainty esti-
reaction rate in the temperature ranges2'<60 keV, or = mated to be 5%. These measurements are considerably more
equivalently 0.2 Ty=<0.7, whereT, is the temperature in accurate than the previously available data over most of the
GK. Changes in the reaction rate outside of this temperaturenergy range. The data nelay=1.6 MeV show the subtle
range do not affect the final abundancasleast for baryon- effects of the 0 second excited state 8He which were not
to-photon ratios in the generally accepted rangel0'®;  apparent in previous’H(p,n)®He cross section measure-
=<10). This temperature range corresponds approximately tments. In the future it may also be possible to compare the
the center-of-mass energy rangesE<250 keV in then present data to calculations which utilize realistic nuclear
—3He system, which is almost entirely covered by theforces. Calculations of this type have recently been per-
present experimental results. formed forn—3H andp— 3He scattering at zero ener{§a].

For the calculation of théHe(n,p)3H thermonuclear re- A new thermonuclear reaction rate f8He(n,p)3H has
action rate, we assumed the cross section given by ENDHMeen calculated from the ENDF/B-VI evaluatifii7] which
B-VI evaluation[27]. This evaluation reproduces the well- agrees very well with the present data and the accurately
known thermal cross sectigd 3], and as can be seen in Fig. known thermal cross sectidri3]. This rate will allow for
5 lies ~3% higher than the present experimental results fomore accurate calculations of the big-bang yieldStéé and
E,=<1 MeV. This deviation is considerably smaller than our ’Li. These calculations can then in turn be used to test the
estimated systematic uncertainty in the experimental dataconsistency of the big-bang model as well as to determine
Using this parametrization, the reaction rdt@({csv) was the baryon-to-photon ratio.

then calculated by numerically integrating Eg). Our nu-
merically integrated reaction rate is given within 1.5% for
T4=<10 by the following expressiofplotted in Fig. 8:
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APPENDIX: PREVIOUS DATA the absoluta—°He total cross section. There are significant

discrepancies in the existimg—3He total cross section mea-

As a result of our literature search for previous data, sevsurementsgsee Ref[23] for detaily. Then—>3He total cross
eral important aspects related to previous measurements hasection affects the data from Refd8,49 mentioned in the
become apparent which we would like to make more widelyprevious paragraph and also from RéfE56,17 which mea-
known. This information should be particularly useful to fu- sured the ratio of the’He(n,p)3H cross section to the
ture evaluators of théH(p,n)3He or ®He(n,p)3H cross sec- —3He total cross section.
tions. These aspects have not always been noted in the past.(3) Some reported measurements have been superseded
The work of Drosd 23] provided the basis for much of this by or included in subsequent data sets, and should be con-
discussion. sidered accordingly. The data of Jaresal. [50] are renor-

(1 In addition to the data cited in the Introduction, the malized and included with additional data in RE§1]. The
3H(p,n)3He total cross section can be inferred from otherdata of Ref[51] are then apparently included in revised form
types of measurements. For example, absolute 0° differentiah Ref. [11] (see Ref[23]). Also, the data of Macklin and
cross section measurements can be combined with angul&ibbons[52] have been renormalized in their later work
distribution data to give total cross sections. Data of this type10].
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